Glycosylation modification fulfills an important role in increasing the stability and solubility of anthocyanin in plants. In this study, based on the transcriptional database of R. rugosa, a gene with full length cDNA of 1161 bp, encoding 386 amino acids, designated as RrGT1, was isolated from flowers of R. rugosa 'Zizhi' and then functionally characterized. According to online software prediction, the molecular formula of the protein encoded by the RrGT1 gene is C 1879 H 2964 N 494 O 556 S 14 , the relative molecular mass is 41,820.02 Da, and the theoretical isoelectric point is pI = 5.03. The result of the RrGT1 protein 3D model construction showed that it had the highest homology with the UDP-glucose: anthocyanidin 3-O-glucosyltransferase protein model in the database (47.01%). Sequence alignments with the NCBI database showed that the RrGT1 protein is a member of the GTB superfamily. Homology analysis revealed that the coding regions of RrGT1 was highly specific among different species, but still had typical conserved amino acid residues called PSPG that are crucial for RrGT1 enzyme activity. RrGT1 transcripts were detected in five flowering stages and seven tissues of R. rugosa 'Zizhi', R. rugosa 'Fenzizhi' and R. rugosa 'Baizizhi', and their expression patterns corresponded with the accumulation of anthocyanins. Therefore, we speculated that glycosylation of RrGT1 plays a crucial role in anthocyanin biosynthesis in R. rugosa.
Introduction
Rosa rugosa is an important ornamental plant which belongs to the genus Rosa in the family Rosaceae. It is native to China and is widely distributed in the world. Because of its unique fragrance, color, cold resistance and drought resistance, it has great development potential in garden application [1] . There are many varieties of roses, but most of them are traditional colors such as pink, purple, etc. A few varieties are white, lacking yellow, bright red, orange and compound color, etc. [2] . Therefore, how to innovate rose color has become the main goal of breeders. The analysis of the pigment composition of rose and the study of the expression characteristics of the key enzymes encoding genes that catalyze the synthesis of rose pigment are the important prerequisite for rose color oriented molecular breeding [3] . Anthocyanin determines the color of higher plant organs. Its biosynthesis pathway related structural genes (CHS, CHI, F3H, F3'H, DFR, ANS, 3GT etc.) and regulatory genes (MYB, mostly R2R3 MYB, BHLH and WD40 classes) have been cloned, sequenced and protein function studies in many plants, such as petunia, maize, snapdragon and so on. But less research has been done on R. rugosa.
Anthocyanins, derived from the anthocyanin biosynthesis pathway, are the largest group of water-soluble plant flavonoids found in organs of plants and crops [4] [5] . Anthocyanins are unstable in plants, mainly in the form of glycosides in the vacuole [6] . Anthocyanins play an important role in insect pollination, auxin transport, protection of leaves from ultraviolet radiation, inhibition of diseases and insect pests, etc. [7] . In addition, as a safe, non-toxic natural food pigment, anthocyanins also have anti-oxidation, anti-cancer and anti-arteriosclerosis functions [8] .
Anthocyanin biosynthesis pathway is one of the secondary metabolic pathways in plants. At present, the research on it has been clearer. Firstly, naringin was formed by the catalysis of CHS and CHI with coumaryl coenzyme A and malonyl Co A. Then flavonols were formed under the action of F3H. The next step is to form colored anthocyanins under the action of DFR and ANS. Finally, through glycosylation, methylation, acylation, hydroxylation and other modifications to form a variety of anthocyanins with a stable structure [9] . Flavonoid 3-0-glycosyltransferase (3GT) gene is a downstream gene in anthocyanin synthesis pathway. It can catalyze the glycosylation of UDP glucose to replace the 3 hydroxyl groups of anthocyanin and make anthocyanin glycosylation to produce colored and stable anthocyanins. And move the maximum absorption spectrum to the ultraviolet end, thus increasing the blue tone of anthocyanins [10] . Glycosylation can change the hydrophilicity, biochemical activity and subcellular localization of anthocyanins, which is beneficial to the transport and storage of anthocyanins in cells and organisms [11] .
Some studies have shown that the anthocyanin content of plants lacking 3GT also decreased significantly [12] . 3GT gene belongs to a glycosyltransferase (GTs) family 1, whose enzyme protein has a conserved domain of about 44 [13] , Vitis vinifera [14] , Gentiana trflora [15] , Petunia hybrida [16] and so on, which has laid a foundation for understanding the metabolic regulation of anthocyanin synthesis pathway.
At present, the studies on R. rugosa are mainly focused on morphological classification, geographical distribution, essential oil extraction and food quality evaluation, and there are few reports on the anthocyanin biosynthesis mechanism, so we don't know exactly how it works. In this study, based on the R. rugosa transcriptome data, we cloned and identified RrGT1 gene from the petals of R. rugosa 'Zizhi' for the first time. We carried out detailed bioinformatics analysis, homology analysis and the temporal and spatial expression pattern analysis of the RrGT1 gene in order to provide some useful informations for the subsequent color improvement project in R. rugosa. trogen, all samples collected with three replicates were put into −80˚C refrigerator for storage.
Materials and Methods

Plant Materials
Extraction of Total RNA and Synthesis of the First-Strand cDNA
The extraction of total RNA is based on the specification of EASY spin plant RNA rapid extraction kit (Aidlab Biotech, Beijing, China). The integrity of RNA was detected by gel electrophoresis with 1.0% nondenatured agarose, the purity and concentration of RNA were detected by Nanodrop2000C ultramicro spectrophotometer (Thermo Fisher Scientific, Wilmington, Delaware, USA), and the qualified RNA was preserved at −80˚C. The first-strand cDNA was synthesized by referring to the steps of 5× All-In-One RT MasterMix reverse transcription kit (ABM Company, Vancouver, Canada) and synthesized according to the requirements of RT-PCR and qRT-PCR.
Full-Length CDS Cloning of the RrGT1 Gene
3' RACE specific primers were designed based on the sequence information provided by the Rosa transcriptome data. The cDNA 3' terminal sequence of the target gene was amplified by 3' RACE technology. The known target gene se- 
Bioinformatics Analysis of the RrGT1 Gene
Bioinformatics analysis softwares and tools were used to predict the physico- 
qRT-PCR Detection
We Each gene was assessed with three biological replications. The relative expression levels of the genes were calculated by the 2 −ΔΔCt method [17] .
Results
Cloning of RrGT1 and Sequence Analysis
We obtained the RrGT1 gene 3' terminal sequence of 277 bp length by using nested PCR method (Figure 1(a) ). The full-length sequence (Figure 1(b) ) of the RrGT1 gene was cloned by full-length primers (Table 1) 
Protein 3D Model Construction
During the construction of the RrGT1 protein 3D model, templates search with BLAST and HHBlits has been performed against the SWISS-MODEL template library. It was found that it had the highest homology with the UDP-glucose:anthocyanidin 3-O-glucosyltransferase protein model in the database (47.01%), so the RrGT1 protein 3D model ( Figure 2 ) was constructed on the basis of its model.
Homology Analysis
Sequence alignment of multiple species amino acids (Figure 3) showed that the 
Temporal and Spatial Expression Patterns of the RrGT1 Gene
The expression levels of the RrGT1 gene, which significantly differed, were assessed during five flowering stages. For R. rugosa 'Zizhi' (Figure 5(a) ), the high- Then the expression levels of the RrGT1 gene in three varieties was compared in five flowering stages ( Figure 5(d) ). In the budding stage, R. rugosa 'Fenzizhi' > R. rugosa 'Baizizhi' > R. rugosa 'Zizhi', while in the initial opening , half opening ,full opening and wilting stage, the trends of gene expression in the three varieties were consistent: R. rugosa 'Zizhi' > R. rugosa 'Baizizhi' > R. rugosa 'Fenzizhi'.
The expression levels of the RrGT1 gene, which also significantly differed, were assessed in seven different tissue types of R. rugosa 'Zizhi' (Figure 5(e) ).
The expression level in the leaves, stems and flower buds was relatively high but was relatively low in the other tissues.
Discussion
Although many genes have been reported to regulate the formation of flower The evolutionary analysis of flavonoids GTs by Sawada et al. [18] showed that [22] . In the PSPG domain of the RrGT1 gene, the amino acids at position 22, 23 and 44 are cysteine (Cys, C), asparagine (Asn, N) and histidine (His, H), respectively. Therefore, we speculated that the RrGT1 gene is using UDP-glucose or galactose as the main glycosyl donor, but has no glucuronyltransferase activity.
The expression levels of the RrGT1 gene during flower development and in different tissues were investigated. It was found that the expression of the RrGT1 gene showed a different trend during different flowering periods in three R. ru-gosa varieties, indicating that the expression of the RrGT1 gene was developmentally regulated in the process of anthocyanin biosynthesis. Studies have shown that the accumulation of anthocyanin in red skinned sand pear, strawberries and litchi is positively correlated with the activity of UF3GT. Boss et al. [26] also detected the expression of UF3GT in the peels of red grape which accumulated anthocyanin, but not in other tissues of red grape and white grape without anthocyanin accumulation. Gong et al.'s [27] studies showed that the partial structural genes of Perilla frutescens anthocyanin metabolic pathway were only expressed in the leaves of red varieties, but not in green varieties or the expression in the green leaves was very low. About the tissue-specific expression in R. rugosa 'Zizhi', besides the high expression level in flowers, it is worth mentioning that the stems of R. rugosa 'Zizhi' are purple, which is consistent with the high expression level of the RrGT1 gene. In addition, RrGT1 was also highly expressed in the leaves, so we infer that RrGT1 is also involved in the glycosylation of secondary metabolites in leaves and plays an important role.
In conclusion, the cloning and expression analysis of the RrGT1 gene was beneficial to analyzing the molecular synthesis and regulation mechanism of anthocyanins, and also provided some important informations for the improvement of R. rugosa flower color in the future.
